1 microscopy, optogenetics and accurate temperature control during 2 behaviour of zebrafish, Drosophila and C. elegans.
. These motors can be either software controlled, or via a stand-alone joystick-unit 139 based on a separate Arduino-Uno microcontroller and a Sparkfun Joystick shield [17] . 140 Depending on print quality and manipulator configuration, precision is in the order of 141 tens of microns [18] . 142 For lighting, we use an Adafruit Neopixel 12 LED ring [19] comprising 12 high-power 143 RGB-LEDs that can be configured for flexible intensity and wavelength lighting. For 144 example, the LED ring with all LEDs active simultaneously can be used to add "white" 145 incident or transmission illumination (e.g. Fig. 2A , cf. Fig. 5B for spectra), while 146 behavioural tracking may be performed under dim red light (cf. Fig. 4A ). A series of 147 white weighing boats mounted above the ring can be used as diffusors ( Fig. 2A ). Long-148 term time-lapse imaging, for example to monitor developmental processes or bacterial 149 growth, can be performed in any configuration. Lighting is controlled from the GUI is traditionally excited around 488 nm, however there is a second and larger excitation 168 peak in the near UV [20] ( Fig. 3D , but see e.g. [1] ). Here, we made use of this short-169 wavelength peak by stimulating at 410 nm to improve spectral separation of excitation 170 and emission light despite the suboptimal emission filter. Figure 3C shows the 171 fluorescence image recorded in a typical fluorescence test-slide. The RGB camera chip 172 allowed simultaneous visualisation of both green and red emission. If required, the red 173 9 channel could be limited either through image processing, or by addition of an 174 appropriate short-pass emission filter positioned above the camera. Next, using green 175 fluorescent beads (100 nm, Methods) we measured the point spread function (psf) of 176 the objective as 5.4 µm (SD) at full zoom ( Fig. 3E, F ). This is approximately ten times 177 broader than that of a typical state-of-the art confocal or 2-photon system [21], though 178 without optical sectioning, and imposes a theoretical resolution limit in the order of ~10 179 µm. Notably, with an effective pixel size of ~1 µm (Fig. 1E ) the system is therefore 180 limited by the objective optics rather than the resolution of the camera chip such that the 181 use of a higher numerical aperture objective would yield a substantial improvement in 182 spatial resolution. It also means that at peak zoom, the camera image can be binned at 183 x4 for increased speed and sensitivity without substantial loss in image quality.
184
Next, we tested FlyPi's performance during fluorescence imaging on live animals. At 185 lower magnification, image quality was sufficient for basic fluorescence detection as 186 required for example for fluorescence based sorting of transgenic animals (screening). 187 We illustrate this using a transgenic zebrafish larva (3 dpf) expressing the GFP-based Optogenetics and Thermogenetics 216 One key advantage of using genetically tractable model organisms is the ability to 217 selectively express proteins in select populations of cells whose state can be precisely Optogenetics. For optogenetic activation we used the LED ring ( Fig. 5A ), whose 229 spectrum and power are appropriate for use with both ChR2 (single LED 'blue' Pwr460: Currently, one obvious limit of FlyPi is spatial resolution. The system currently resolves 315 individual human red blood cells (Fig. 2K ), but narrowly fails to resolve malaria parasites 316 within (not shown). Here, the limit is optical rather than related to the camera chip, to the circuit diagram provided.
424
The Graphical User Interface (GUI). The GUI ( Supplementary Fig. 1 ) was written in The GUI is also capable of creating folders and saving files to the Raspberry Pi desktop.
434
For simplicity, the software creates a folder called "FlyPi_output" and subfolders 
